Three 110 GHz gyrotrons with nominal output power of 1 MW each have been installed and are operational on the DIII-D tokamak. One gyrotron is built by Gycom and has a nominal rating of 1 MW and a 2 s pulse length, with the pulse length being determined by the maximum temperature allowed on the edge cooled Boron Nitride window. The second and third gyrotrons were built by Communications and Power Industries (CPI). The first CPI gyrotron uses a double disc FC-75 cooled sapphire window which has a pulse length rating of 0.8 s at 1 MW, 2 s at 0.5 MW and 10 s at 0.35 MW. The second CPI gyrotron, utilizes a single disc chemical-vapordeposition diamond window, that employs water cooling around the edge of the disc. Calculation predict that the diamond window should be capable of full 1 MW cw operation. All gyrotrons are connected to the tokamak by a low-loss-windowless evacuated transmission line using circular corrugated waveguide for propagation in the HE 11 mode. Each waveguide system incorporates a two mirror launcher which can steer the rf beam poloidally from the center to the outer edge of the plasma. Central current drive experiments with the two gyrotrons with 1.5 MW of injected power drove about 0.17 MA. Results from using the three gyrotron systems will be reported as well as the plans to upgrade the system to 6 MW.
INTRODUCTION
An effort is under way on the DIII-D tokamak to use Electron Cyclotron Current Drive (ECCD) as a method of sustaining the off-axis current in advanced tokamak plasmas. The first step in this campaign is the installation of three megawatts of electron cyclotron heating power. This involves the installation of three rf systems operating at 110 GHz, the second harmonic resonance frequency on DIII-D, with each system generating nominally 1 MW. The three systems will use one GYCOM [1] (Russian) gyrotron and two CPI [2, 3] (formerly Varian) gyrotrons, all with windowless evacuated corrugated low loss transmission lines.
RF SYSTEM OVERVIEW
Three gyrotrons have been installed and operated on the DIII-D tokamak. One, a GYCOM gyrotron [1] has been in operation since 1996, the second a Communications and Power Industries (CPI) gyrotron [2] model VGT-8011A has been in service since May 1997. A second CPI gyrotron with basically the same internal configuration has been installed at the end of 1998, but with a chemical-vapor-deposition diamond window [3] . This gyrotron offers the first practical design of 1 MW cw operation All three gyrotrons are nominally 1 MW at a central frequency of 110 GHz. Although each gyrotron is designed for long pulse capability (>10 s), the present pulse capability of the first two gyrotrons is limited to 2 s and 0.8 s respectively, owing to the output windows currently installed upon the tubes. The GYCOM gyrotron uses a boron nitride edge cooled window, and the first CPI uses a double disk sapphire window design with an inert Chloro-fluorocabon (FC-75) coolant flowing between the two disks.
The transmission line is 31.75 mm diameter aluminum circularly corrugated waveguide carrying the HE 11 mode. The waveguide diameter represents a compromise between power handling capability and the desirability that the transmission line be insensitive to misalignment, thermal growth, and motion. For the first two gyrotrons the rf beam exiting the side of the gyrotron is a modified gaussian beam with a flattened profile to minimize the peak temperature and thus the stresses in the window. Since the window and rf beam are made as large as practical, ≈100 mm, to reduce the thermal load on the window, direct coupling from the gyrotron into the waveguide is impractical and an interface device is required. Using two mirrors, the rf beam exiting the gyrotron is phase corrected to restore it to a free-space Gaussian and is then focused to couple into the 31.75 mm waveguide diameter. These mirrors are housed in a Mirror Optics Unit (MOU) which also contains a water-cooled resistive load, which absorbs any stray rf power that exits the gyrotron at an angle that can not be focused into the waveguide. The output beam of the diamond window gyrotron is a free-space Gaussian, but is larger in diameter, ≈ 51 mm, than the 31.75 mm diameter of the waveguide, so a MOU is also needed to focus the beam into the waveguide.
An entire single transmission line system, consists of six mitre bends and is ≈ 40 m long with an estimated 2% loss in the waveguide and 0.6% loss per mitre bend. The mitre bend losses are from mode conversion 0.5% and ohmic losses 0.1%. The waveguide is evacuated to a pressure of ≈1×10 -5 Torr by a turbomolecular pump at the MOU and a similar pump on a special section of waveguide near the tokamak, where the waveguide has been slotted to allow pumping between the corrugations. This waveguide pumping section is placed as close to the DIII-D vacuum vessel as practical so that any impurities evolving from the waveguide upstream of the tokamak can be pumped out before they reach the plasma and possibly contaminate it. For the FC-75 cooled CPI gyrotron a fast shutter located just upstream of the pumping section has been installed. This shutter can close faster than the pressure wave can travel down the waveguide and, in conjunction with the pumping section, maintains the vacuum pressure at the tokamak entrance waveguide. To aid in gyrotron optimization a dummy load is connected to the system via a waveguide switch located near the gyrotron. Polarization control is achieved by a set of grooved motorized polarizing mirrors mounted in two of the mitre bends. By appropriate rotation of these two mirrors, any elliptical polarization desired can be obtained.
There are two sets of dual launchers attached to DIII-D. Each launcher is composed of two mirrors; a focusing mirror and a flat tilting mirror. In the first set the flat mirrors are permanently angled at 19° off normal to provide the appropriate current drive injection angle. The flat tilting mirror rotates vertically so the injected beam can be steered poloidally from slightly below the midplane, to the outermost top edge of the plasma. On the second set of launchers the tilting mirrors are aimed normal to the plasma. A gyrotron can be interchanged between these two launcher sets by the simple task of breaking the connection at the second-to-last mitre bend and adding or removing a 2 m length of waveguide.
INITIAL OPERATION INTO DIII-D
The initial ECH system checkout and operation of the first two gyrotron systems has been described in Ref. 4 , and since that time ECH Experiments have been performed on the DIII-D tokamak using up to 1.5 MW of 110 GHz power from the two gyrotron systems. For these experiments the GYCOM gyrotron was operated for 2 s pulses at 0.8 MW and the CPI #1 gyrotron for 1 s at 0.7 MW.
By modulating the ECH power and detecting the modulation with the various chords of the electron cyclotron emission (ECE) diagnostic, the power deposition profile of the rf beam can be measured directly. Figure 1(a) shows the ray path for a radial launch of the rf beam with a flat tilting mirror angle of 62°. The measurements of the 32 channel ECE diagnostic are shown in Fig. 1(b) . Measurements were made with the waveguide polarizers set to launch O-mode only, X-mode only and combined O+X-mode. Note the X-mode polarization has a peaked power absorption at r = 0.45, where the launched beam crosses the 2 ω resonance layer. For O-mode the low electron temperature at the first interception of the resonance zone produces weak absorption, and it is only during the second pass, at r = 0.15, after the beam bounces off the inner wall of the tokamak is there significant heating. The combine O+X-mode launch shows a dual absorption but with a lower peak power density owing to the power being spread over a larger plasma volume.
Both on-axis and off-axis ECCD experiments have been performed using the two gyrotron systems. In these experiments a low density plasma, ≈ 1×10 19 m -3 , is preheated with neutral beams to improve rf absorption and to suppress sawteeth during the current drive phase. Using the method of time sequence equilibrium reconstruction, the current density and local electric field (from the time derivative of the flux) the ECdriven current density can be found [5] . EC-driven currents up to 170 kA for on-axis heating and 50 kA for off-axis heating have been determined using this method. Figure 2 shows calculations for a pair of discharges with and without on-axis ECH. Note the highly localized central current density when ECH is applied in Fig. 2 
CONCLUSION
The first two of three 1 MW ECH systems are operating routinely at DIII-D with injected power at 110 GHz of approximately 1.5 MW with good power accountability. Transport experiments using modulated ECH have been performed confirming the power deposition location. On-axis and off-axis current drive experiments have been successfully performed with on-axis ECCD currents of 170 kA being observed.
